Abstract Autoantibodies are currently the most robust biomarkers of type 1 diabetes and are frequently used to establish entry criteria for the participation of genetically at-risk individuals in secondary prevention/intervention clinical trials. Since their original description almost 40 years ago, considerable efforts have been devoted toward identifying the precise molecular targets that are recognized. Such information can have significant benefit for developing improved metrics for identifying/stratifying of at-risk subjects, developing potential therapeutic targets, and advancing understanding of the pathophysiology of the disease. Currently, four major molecular targets ([pro]insulin, GAD65, IA-2, and ZnT8) have been confirmed, with approximately 94% of all subjects with a clinical diagnosis of type 1 diabetes expressing autoantibodies to at least one of these molecules at clinical onset. In this review, we summarize some of the salient properties of these targets that might contribute to their autoantigenicity and methods that have been used in attempts to identify new components of the humoral autoresponse.
Introduction
Autoimmune diabetes (T1D) is a chronic progressive disease characterized by the targeted destruction of the insulinsecreting ß cells within the pancreatic islets [1] . The precise etiology remains uncertain; however, there is a general consensus that T1D is a T-cell-mediated disease that results from immune dysfunction, with subsequent loss of tolerance to ß cell antigens and destructive lymphocytic infiltration of the islets. This, in turn, leads to insulin deficiency, impaired glucose homeostasis, and symptomatic hyperglycemia [2] . Although unlikely to be intrinsically diabetogenic, circulating autoantibodies targeting pancreatic ß cell proteins have been defined. Monitoring such systemic autoantibodies is currently the most reliable biomarker in the prodromal phase of T1D, since their appearance typically precedes overt T1D onset for years or even decades [3] . This provides a window for therapeutic intervention, and considerable effort has been devoted to identification of autoantigens as biomarkers, both as an avenue to antigen-specific B-cell and T-cell therapies (since they often share antigens) and as a measure of treatment efficacy [4] [5] [6] . Most important, the prevalence of multiple types of autoantibodies identifies individuals with the highest risk of progression to clinical disease.
Features of Autoantigens
The four major humoral autoantigens in T1D identified to date ([pro] insulin, the 65kDa form of glutamic acid decarboxylase [GAD65], insulinoma antigen 2 [IA-2], and zinc transporter 8 [ZnT8]) share a subset of common features.
1. They are components of the regulated secretory pathway.
Most major T1D autoantigens in the pancreatic ß cell are associated with the regulated secretory pathway, and some intimately with the secretory granule itself [7] . Insulin is the prototypical secretory polypeptide; after passage through the endoplasmic reticulum and Golgi apparatus, it is sorted into regulated secretory granules for proteolytic processing/maturation, storage, and subsequent release in response to appropriate stimuli. It is the chief secretory product of pancreatic beta cell making up 50% of the total cell protein [8, 9] within the~10,000 secretory granules of the ß cell. IA-2, and its close homolog phogrin (I-A2ß), with which it shares 80% amino acid identity, play pivotal roles in insulin secretion. They are both members of the conserved protein tyrosine phosphatase (PTP) family, albeit catalytically inactive [9] . ZnT8 functions to channel zinc into the secretory granule itself, where it is instrumental in the formation of insulin hexamers for crystallization, the "dense core" of the vesicle [10, 11] . Zinc is released along with insulin upon fusion of the granule with the plasma membrane. In contrast to the other major T1D autoantigens that are closely associated with the granule, GAD65 is a peripheral membrane protein associated with synaptic-like microvesicles within the ß cell and the enzyme responsible for gamma aminobutyric acid synthesis. 2. Most are membrane proteins. The autoimmune profile of T1D closely reflects that of ß-cell membrane-bound proteins. Insulin, although not membrane-bound, is the primary cargo of the secretory granule, while IA-2, phogrin, and ZnT8 are integrated in the granule membrane itself [12] . The former PTPs contain single transmembrane regions with relatively large cytosolic tails (~378 aa), where the vast majority of autoantibody epitopes reside [12] . In contrast, ZnT8 is polytopic, spanning the granule membrane 6 times with the N-and C-terminal domains residing on the membrane's cytoplasmic face, while GAD65 is principally localized to the cytoplasmic face of synapticlike microvesicles by virtue of palmitoylation [13] . 3. Most show tissue-specific gene expression. T1D islet autoantigens typically display elevated levels of transcription specifically in the pancreatic ß cell, although several are also expressed in a wider spectrum of neuronal and neuroendocrine tissues. Thus, insulin is predominantly expressed in pancreatic ß cells but displays trace expression in various other tissues, such as the brain and thymus [14] . In contrast, whereas IA-2 and phogrin are enriched in ß-cells within the pancreas [12, 15] , they are also expressed at significant levels in a restricted population of neurons and other neuroendocrine tissues and at detectable levels in the thymus and spleen [16] . GAD65 shows broad expression within the nervous system, in all islet cells, including alpha, beta, and delta cells, and, to a smaller degree, in the lung [17] . ZnT8 is the most highly expressed zinc transporter in the beta cell, while lower levels of expression have been reported in the glucagon (α) and somatostatin (δ) producing cells of the islet [18] , as well as a restricted population of extrapancreatic cells. 4. All show evidence of alternative splicing. At present, the mechanisms responsible for the breakdown in tolerance to diabetes autoantigens remains unclear, although one plausible theory is that differential expression in the thymus could allow potentially pathogenic T cells to escape negative selection. Consistent with this hypothesis splice variants for all four major autoantigens insulin;3, IA-2;3, GAD65;2, and ZnT8;5 have been reported [19] [20] [21] , although not all encode distinct proteins. The biological relevance of variations in the ratios of thymic versus ß cell expression of T1D autoantigen splice forms is an area of active investigation.
Methods for T1D Autoantigen Discovery
Immunofluorescence of pancreatic sections treated with sera from individuals with T1D provided the first evidence of islet autoimmunity and is the basis of the classic islet cell autoantibody (ICA) test [22] . Subsequently, a myriad of strategies designed to identify the components of the immunoreactivity displayed by the ICA test appeared in the T1D literature. GAD65 autoantibodies were identified by their clinical association with the rare neurological disorder stiff person syndrome, evidenced by the fact that sera from such patients contain antibodies that cross-react with islet cells; related autoantibodies were subsequently identified in the sera of T1D patients [23] . Biochemically, GAD65 was immunoprecipitable from isotopically tagged rat islets with sera from individuals with T1D [24] . Preabsorption of the sera with recombinant GAD65 demonstrated its contribution to the ICA test (81). In contrast, expression cloning of human islet and insulinoma cDNA libraries screened with T1D sera facilitated the discovery of IA-2 and phogrin, which represent another component of ICA [12, 25, 26] . Independently of the ICA test, autoantibodies to the prime candidate insulin were first demonstrated in sera that were obtained from patients with newly diagnosed T1D prior to the commencement of treatment with exogenous insulin, by immunoprecipitation of 125 I-labeled antigen [27] . Other methods used to examine autoreactivity to candidate gene products include immunoprecipitation (IPP) of islet extracts, western blotting using T1D sera for detection, ELISA, 2D gel electrophoresis coupled with mass spectrometry, high throughput IPPs, competitive binding of sera from diabetic subjects to monoclonal antibodies reactive to insulinoma cell lines, and proteomics. Autoantibodies to the targets thus identified have significantly varying prevalences (5%-88%) in recently diagnosed diabetic individuals (reviewed in [28] ).
Novel Autoantigens in T1D
More recently, autoantibodies to Pdx1 and Reg1A have been demonstrated with reported prevalences of 24% and 47%, respectively [29, 30] . In both cases, the targets were identified by probing Western blots with sera from diabetic patients. It should be noted that Reg1A is classified as "undetermined" in our fluid phase RIA (Table 1) , since the assay gave high background signals with control sera that were indistinguishable from the test samples. This may serve to illustrate the limitations of relying solely on the RIA technique. The cytokine CCL3 has also been reported to be a frequent target of autoantibodies in T1D [31] , although this observation has not been widely replicated [32] (Table 1 ). At present, the reasons for the discrepancy are unclear but may reflect differences in the demographics of the populations tested. Autoantibodies to a 9 aa epitope shared by three otherwise unrelated proteins, golgin-160, voltage-gated potassium channel, and disulfide isomerase, were detected following screening of human islet expression libraries with sera from patients and controls [33] , although the prevalence was not reported. Similarly, serological proteome analysis demonstrated that autoantibodies to Rab GDP dissociation inhibitor beta (GDIb) are present in 22%-32% of subjects with T1D, depending on the format of the antigen probe [34] . In this study, sera from patients previously demonstrated to be negative for the four established autoantigens were used to probe Western blots of an abbreviated human ß cell proteome that had been resolved via 2D electrophoresis, and immuno-reactive proteins identified by mass spectrometry. Eleven proteins were identified and assayed with custom RIAs, with GDIb displaying the most significant immunoreactivity.
Identification of Zinc Transporter 8 as a Major Autoantigen in T1D
Discovery of the fourth major humoral autoantigen, ZnT8, the most recent identified to date, involved a novel bioinformatics strategy based on the aforementioned common features of the previously established major autoantigens: association with the secretory pathway, enhanced ß-cell expression, and alternative splicing coupled with multidimensional analyses of microarraybased mRNA expression profiling [35] . An algorithm was developed that calculated an index of tissue specificity based on distribution and abundance of transcripts. The ratios of messages in the whole pancreas versus islets, insulinoma versus glucagonoma cell lines, and wild type versus Ngn3 knockout mice were distinguishing variables. The list of antigen candidate genes contained all the existing primary T1D autoantigens, in addition to many minor ones that had already been documented. Among the remaining potential autoantigens, the top candidate was SLC30A8 (ZnT8).
ZnT8 Radioimmunoassay Development
To examine potential autoreactivity, Wenzlau and colleagues [35] optimized radioimmunoassays (RIAs) for detection of ZnT8 autoantibodies by cloning human ZnT8 cDNA (or derivatives thereof) into a vector suitable for in vitro transcription and translation in the presence of 35 S-labeled methionine to generate antigen probes, which were subsequently incubated with human T1D sera. Initially, 60%-80% of sera from subjects with new onset T1D were found to contain ZnT8 antibodies, and most remarkable, 26% were sera classified as autoantibody negative, using the established assays. Thus, some individuals previously categorized as single antibody positive were double antibody positive, and likewise, double autoantibody positive individuals may be triply positive. Subsequent studies suggested that ZnT8 autoantibody positive "prediabetic" individuals who are also positive for any one other T1D autoantibody are at greater risk for developing disease than are those who have two autoantibodies that do not include ZnT8.
Analysis of the predicted structure of the ZnT8 C-terminal (cytosolic) domain, where the vast majority of immunoreactivity has been mapped, has permitted the design of epitopespecific ZnT8 probes to optimize autoantibody detection. Probes yielding the highest sensitivity and specificity omit the (6) hydrophobic transmembrane regions and extraneous amino acid stretches at the N-and C-termini of the cytoplasmic region, provided that they maintain proper protein folding and, thus, epitope conformation [36] .
Dissection of the ZnT8 epitopes highlighted the influence of a common nonsynonymous SNP (rs13266634) encoding amino acid (aa) 325 (Arg or Trp), which have since been Note. A list of candidate antigens was generated using a previously described bioinformatics-based algorithm (ref35), and recognition of 36 of these potential targets by patient or control sera tested using custom RIAs. Only 1 target (ZnT8) showed evidence of autoimmunity at high prevalence and 15 at low prevalence, and the remainder were either negative or classified as undetermined due to high background signals (>5% input radiolabel). SD, subdomain; SV, splice variant; BG, background.
demonstrated as single determinants of immunoreactivity, yet not a risk for T1D. Yet another SNP encodes Gln at the same position but is relatively rare (1% Europeans, 1%-2% Asians, 9% Africans). The specificity of ZnT8 autoreactivity in some individuals is exclusively dictated by the 325 variant encoded by their genes, albeit in others autoreactivity reflects a more complex pattern, with sera precipitating multiple ZnT8 Arg, Trp, or Gln variants [37] . The SNP-encoded amino acid residue determines the binding specificity of a subset of ZnT8A. Remarkably, genome-wide association studies have shown that the major allele encoding the Arg variant is associated with increased susceptibility to type 2 diabetes, but no direct association between the polymorphism and overall T1D risk has been shown. The major allele may confer an increased susceptibility for developing autoimmune diabetes at a younger age, and homozygosity at this locus (either Arg or Trp) can stratify risk in ZnT8A+, but not ZnT8A−, individuals.
Contribution of ZnT8 Autoantibody Measurement
Assessment of the prevalence of ZnT8 autoantibodies in recently diabetic subjects, in combination with monitoring of GAD65, IA-2, and insulin autoantibodies, allows autoimmunity to be confirmed in more than 96% of cases [6, 38, 39, 40 ••] (Fig. 1) .
Probability of Additional T1D Autoantigens
There is a strong likelihood that additional targets of ICAs have yet to be characterized. This is evidenced by the presence of individuals with positive ICA tests that do not show immunoreactivity with any of the major currently defined T1D
autoantigens [6] , although it remains uncertain whether this represents reactivity to a plethora of minor targets or to one or more with highly prevalent specificity. Currently, reliable autoantibody assays are available for antibody detection to insulin, GAD65, IA-2/phogrin, and ZnT8, which have each been validated by the Diabetes Autoantibody Standardization Program [41•] . Assessment of these autoantibodies is crucial for identifying genetically at-risk individuals who display autoimmunity, thereby prompting their recruitment to therapeutic interventions to slow progression to T1D. Unfortunately, despite considerable efforts, the current protocols still fall short of the necessary degrees of sensitivity and specificity required for cost-effective screening of prediabetes in the general population. Consequently, the pursuit for new targets of ICAs persists, especially since, in addition to their value as diagnostic and predictive biomarkers, autoantibodies typically identify the targets of pathogenic autoreactive T cells.
Screening Antigen Candidates by RIA
To assess the immunoreactivity of new candidate antigens, it is best to screen with sera derived from newly diagnosed subjects (within 2 weeks of onset), when the autoantibody titers are likely to be highest, since titer and, hence, detectability typically tend to wane postonset, likely as a reflection of the continuing loss of residual ß cell mass [42] . To date, we have investigated 36 additional candidates (Table 1) using the protocol described below. Full length cDNAs are generated via RT-PCR, with RNA isolated from human islets or existing cDNA clones (if available) as templates, and are introduced into suitable expression vectors that will enable radiolabeled antigen probes to be generated by coupled in vitro transcription/translation. Subsequently, a panel of sera (typically from~100 recently diabetic subjects and 20 unaffected controls) are tested using the 35 S-methionine labeled antigenic probe. In many instances, autoantibodies recognize conformational rather than linear epitopes. This may cause problems with those autoantigens that are membrane-bound, where use of the full-length protein may be inappropriate due to misfolding or insolubility. In such cases, it is possible to interrogate the primary structure with programs that predict probable molecular topology to identify extramembranous stretches of amino acids with the potential to form epitopes. These regions can then be modified to include artificial initiation codons in the context of a Shine-Delgano or Kozak consensus site (as appropriate for the expression system) and subcloned independently for further consideration [35] . Our experience with ZnT8 exemplifies this approach: The full-length protein (including six transmembrane domains) was poorly soluble, giving a high background signal, and thus was able to detect positivity in only~20% of sera from recently diabetic subjects, whereas the C-terminal 93 aa gave minimal background Fig. 1 Combining ZnT8A with IAA, GADA, and IA2A assays increases the sensitivity of autoimmune detection. Sera obtained from recently diabetic subjects ranging in age from 2 to 40 years were assayed in parallel with RIAs to insulin (INS), GAD65 (GAD), IA-2, and ZnT8. Overall prevalence is shown for each antigen, although it should be noted that this can vary significantly with age of onset, especially for IAA. In this cohort, the combined measurement of GADA, IAA, and IA2A detected autoimmunity in~86% of subjects. Inclusion of ZnT8A increased this to~96%, and~25% reduction in the number of autoantibody negative individuals signals and could detect autoreactivity in~70% of the same sera. A second illustration of the success of this strategy is provided by a sensitive and specific RIA for detection of autoantibodies indicative of autoimmune gastritis/pernicious anemia (PA) that we recently developed [43, 44] . The major antigen recognized by parietal-cell autoantibodies is gastric H + /K + -ATPase, a heterodimer composed of α and ß subunits (SU). The α SU is a multipass transmembrane protein with three major cytoplasmic loops [45] . These were monitored separately as antigen probes with sera from relevant individuals. One of the three domains displayed significant immunoreactivity that, after further optimization, provided a probe that achieved 95% sensitivity at 100% specificity, using a panel of sera from subjects whose diagnosis had been confirmed by biopsy [41•] .
It should be noted, however, that a potential caveat to the domain-specific approach is that recombinant proteins containing only intracellular and/or extracellular loops may fail to form conformational epitopes, because they either lack the structural constraints imposed by the membrane anchors or require contributions from multiple loops/domains. This problem can be addressed by incorporating the full-length protein into synthetic nano-discs containing phospholipid and apolipoproteins [46] that allow correct topology to be established while maintaining the protein in a soluble state that allows access of autoantibodies to both external and internal domains.
Another potential problem is that, in some instances, fulllength candidate antigens or derivatives do not contain a sufficient number of methionines for high specific activity isotopic labeling. In this case, probes containing in-frame concatenated multimers and/or the addition of methionines to the N or C termini can be generated to enhance the specific activity of the resulting probes. Multimerization may also increase functional avidity of the probe and, hence, sensitivity. Again, as demonstrated with our optimization of the ZnT8 RIA, where dimeric probes containing the major epitopes in the C-terminus further enhanced the sensitivity and specificity by reducing the signal-to-noise ratio and/or, potentially, by allowing detection of epitopes dependent on dimerization, the endogenous conformation of ZnT8 [41•] (Fig. 2) .
The results from screening the antigen candidates listed in Table 1 are segregated according to signature of the assay. For individual assays, 20,000 cpm of gel-filtered probe are incubated with each serum sample, and at least 100 T1D sera are monitored simultaneously. The cutoff for positivity is specified as 3 standard deviations above the mean of the internal controls for each assay. Where possible, a commercial positive control serum is also included. Our stratification criteria were that RIAs displaying higher than 10% prevalence were considered significant T1D antigens (ZnT8). Candidates with less than 10% positives in the test sera samples were classified as "low prevalence." Finally, as was discussed above, not unexpectedly several candidates displayed high backgrounds precipitating >1,000 cpm with the control sera. In such cases, only high-affinity antibodies would be detected, since low signals would be masked by background binding. Consequently, this group is classified as "undetermined." Despite the initial success of the bioinformatic algorithm in identifying ZnT8 as a major antigen in T1D, it is apparent from the results presented in Table 1 that not all potential candidates are actually targets of autoimmunity, although it should be noted that not all T cell targets generate autoantibodies, as appears to be the case for IGRP, and those classified as "undetermined" could actually generate autoantibodies that we have so far failed to detect. In general, we assume the high background signals among negative controls originate from improper protein folding and consequential formation of aggregates that precipitate during the collection of immune complexes. This is most likely to occur with membrane proteins; however, it could also result from the absence of key post-translational modifications that are absent in probes generated by the in vitro system we generally employ. Moreover, it is becoming apparent that, in some instances, epitopes depend on the presence of posttranslational modifications, be they native to the endogenous protein or a consequence of pathological modification. To address the former concern, antigen probes expressed as fusion proteins with derivatives of luciferase targeted for secretion from transfected mammalian cells can be generated and harvested from the media. An added attribute of this system is the avoidance of radioactivity, since the read-out is bioluminescent signal intensity (Hutton et al., unpublished data). Alternatively, probes can be treated with enzymes, such as peptidyl arginine deiminase or transglutaminase, or with oxidants to introduce potential pathogenic changes [47] .
Conclusions
The bioinformatics algorithm that prompted both our initial studies with ZnT8 and subsequent consideration of many of the candidates listed in Table 1 defined specificity on the basis of the expression of the primary transcript in pancreatic ß cells, an assumption with limitations. It did not consider the possibility of ß cell enriched, alternatively spliced variants, since that data resource was not widespread at the time of the algorithm design. With the increasing application of exon arrays and RNAseq, it is now apparent that a high percentage of genes are alternatively spliced, although it remains uncertain how many such transcripts reflect stable proteins that could potentially be targeted by autoantibodies. Precise characterization of the ß cell proteome, from which all primary targets of diabetic autoimmunity must by definition be drawn, is further complicated by the wide spectrum of posttranslational modifications that individual gene products can undergo, some of which may be tissue specific, and others the consequence of cellular responses to various stresses. Thus, it can be expected that the number of targets of diabetes-associated humoral autoimmunity will increase as our knowledge of the "normal" and "stressed" proteomes grows, which may permit major advances in future diagnostic and therapeutic approaches.
